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Conven?ent c h a r t s  are presented f o r  computing t h s  t h r u s t ,  f u e l  
consum>tion, and o ther  performance valsea of a t u r b o j a t  sys%em. 
These char t s  take i n t o  account the  e f f e c t s  of ram pressure,  coin- 
pressor  pressiwe r.atio, r a t i o  of combustion-chamber-outlet temper- 
ature t o  atmospneric tenqerature,  compressor e f f ic iency ,  turbine 
eff ic iency,  cmhust ion eff lc iency , discharge -nozzle c o e f f i c i e n t ,  
l o s s e s  i n  t o t a l  pressure i n  t3e i n l e t  t o  the Jet-propulsion unit 
a.nd in  the  combustion cham’oer, and v a r i a t i o n  i n  s p e c i f i c  hea ts  ’ 
with temperature. 
e f f e c t s  of t h e  primary var ia3les  and correct ion c h a r t s  provide the 
e f f e c t s  of  t h e  secondary var iables .  

The princiyal  p e r f o m a c e  c h a r t s  show c l e a r l y  the 

The p e r f o m n c e  of i l l u s t r a t i v e  cases of t u r b o j e t  systems i s  
given. It is  shotin t h a t  maximum t h r u s t  per  unit mass rate of air  
f l o w  occurs a t  a lower compressor pressure r a t i o  than  minimum 
s,aecific f u e l  consumption. 
flow increases  as t h e  combustion-chamber discharge temperature 
increases .  For minimum specif ic  f u e l  consumption, however, an 
optimum combustion-chamber discharge temperature exists I which i n  
some cases may be l e s s  than the limit&@ temperature imposed by the 
s t rength temperature character i&ics  , of present  mater ia l s .  

The t h r u s t  per  u n i t  mass r a t e  of a i r  

IIITEOEUC T I  ON 

. 

The jot-propulsion system consis t ing of a compressor, a com- 
bustion chLmber, a turb ine ,  and a &ischarge nozzle, which i s  generally 
known as the t u r b o j e t ,  i s  now w d e r  extensive development f o r  the  
plloPulsion of high-speed airplanes.  
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A n  a n a l p i s  vas m d . e  of tine perfo&=ce of such a system at  the 
NACA Cle-reland laborakorg dwhg  1944 f o r  +he pv.r?oee of prsviding 
convenient chsr t s  fxm which the perforicmcu of t h i s  system can be 
quickly and accwa te ly  obta3ned fo;* any gi.vun set of operating con- 
d i t i o n s  and sgetem >,ara,rceters. 'An attempt. WES made t o  pred ic t  accu- 
r a t e  values oi' sc t i ia l  pei-fcm.exce bp ihe .ini;;-oduc t!-on of f a c t o r s  
t h a t  account f o r  Cic zhmge i n  phjrslcal p r o p e r t i s s  of the  gas as It 
pesses t h c u g h  t he  cgc3-e and the  e f f a c t  02 t he  cI!a&ge. i n  mass by the  
addi t ion  of f c e l  , Tk,e cha r t s  -take i n t o  accomt  twb i i i e  e f f ic iency ,  
compressor efTicTancy, cmbus t ion  e f f i c i ency ,  disch.nrg;e-iiozzle 
coe f f i c i en t ,  losses  3.n total- pressure i n  thE; iiibt duct and combgs- 
t i o n  climber, ambient atnospl2eric cciidit iona,  f l i g h t  ve loc i ty ,  Corn- 
preaso;. 9;-essura ratio, and c ~ ; n b n s t i o n - . c h r ~ ~ e r - o u t l e t  +,ot;al tempera- 
t u r e .  TheEe va r i ak l s s  a re  grouped ia a few sirn2l-e cha r t s  from which 
t h e i r  e f f e c t s  on perfoirr,ahce can be r ead i ly  obtained. The cha r t s  
and the  analgsis  are gresented here in .  

The perfornance of t he  s~ i3Jec t  J e t -p ropvh ion  sgs tea  i s  given 
f o r  severa l  i n t e r e s t h x  casec t o  i l l u s t r a t e  some of the  character-  
i s t i c s  of the  system. 

ANALYSIS 

A d l a g m  of  -the tu r3o fe t  i s  shown i n  f i g m e  1. A i r  i s  islducted 
i n t o  the  intake of t he  unit and del-ivered t 3  the  compressor i n l e t .  
'Part of the  dLnmiic pmssurz of t h e  fyes a i r  stream is  sonverted i n t o  
s t a t i c  p 'essre at t he  corapreesor inlet by the  d i f fus ing  ac t ion  of 
the i n l e t  duct. The a i r  i s  frLyther compressed i n  passing through t h s  
comp?essor m d  i s  del ivered t o  the  comhst ion  chamber tihere fuel is 
in jec ted  and burned. The products of combustion tken pass through 
the  t w b i n e  nczzles and buckets where an ap-oreciable drop i n  pressure 
occurs and f i n a l l y  w e  discharged real-ward3.y through t h e  discharge 
nozzle t o  provide t h r u s t .  

The varicbles a f f ec t ing  the  performance a r e  divided i n t o  a 
P r b W y  group arid a seconAary group. 
group are shoirn on the  pr inc ipa l  c h a r t s  f o r  determining t h e  perform- 
ance o f  $he j e t -popu l s ion  uni t .  The var iab les  of t h e  secondarg. 
group are shown on an aux i l i a ry  cha r t  f o r  d.etemining a f a c t o r  E 
usu2lly close t o  unl ty ,  which a l s o  appears as a vari&??le on t h e  pri.n- 
cipal- performance cha r t s .  

The v z i a ' b l e s  of t he  prheirjr 

\ 

The >?%nary group of va r i ab le s  includes: 

(a) Compressor eff ic iency qC 

(b)  Compreseor t o t a l - p r e s s w e  r a t i o  p2/pL 

c 

c 



0 
( f )  Air?lane velocl ty  V 

( g )  Atmospheric tenprattvre To 

( h )  Dj sch-arge-nozzle veJ.oc i t y  c m f f  +.cieiit C which Fnchdc~n 
l.ossei3 i n  tiie tail Fipe follcwing t h e  e’ urb ine  

. .  
- f a )  Drop i n  t.2tal ~ ~ S B U T B  &.cl?c;8s t he  i.l;let duct ing cmsed  b y  

f r i c t i o n  a i d  turDi!lerir:e Apd 

( b )  Droo  i n  t o t a l  peaswe acmes tile :om>usticm chamber om.se0 
S:r both the rnechan_icd. obstruction df ,Lhe burners and t,Le 
ndnentunl increase af t h e  gsees diuing c-mbu.st;on. A,? 

. 
(/4) 

( c )  Ef fec t  of t h e  diffeilence Settreeii the  2fus ~ 3 1  prcpes t ies  
hqt  exhzust gases during the  expansim procPssPa an? c \ I d  
air (The e f f e c t  of change is\̂  s y x l f i c  nsac c ~ ’ . t h ~  53s 
during the other processes is i n c l u d d  i n  the  p r i n c j ? d  
char t s .  ) 

A chart  is Given f r o x  wlJcli a f a c t o r  E c m  be obtained CCTE - 
sp.mding t o  t h e  va‘luss of the secondary group of var iablos .  P2s 
’ac+Uor E appears i n  the pay.a?eters on the  pr inc iya l  performance 
charts .  

i n  t h i s  report  is  defined as t l i u  
‘Flc 

The com?reasor eff  iclency 
i asn t ror ic  work done in t h e  cam;reosor? Lncl-uding t h e  dif‘fsrezice 
betwezn the  k i n e t i c  energy of the idr a t  t h G  cc?qresfior o u t l e t  and 
a t  t he  conpressor i n l e t ,  divided b> the  cmp-essor s h a f t  work. ‘TI16 
turbino ef f ic iency  vt CLS defined in tk.26 r s p o r t  ‘is the sh&t w-rk 
divided bS tile difreruncd batween t h e  isentrapi.c w r k  a n i l d b l e  i n  
uxamding the  gas i’rm turbine i n l u t  coiiditicns t o  tlie s t a t i c  prdb- 
SL;T~: st t u r b i m  d,scharge an& t h e  kinbt ic  siiergy o f  the  @,a3 a t  tho  
turbine di-schszrce. It i4 emphaejzed t h a t ,  i n  t h e d e  d e f i n i t l m s  of 
ccmressor and turbinc: e f f ic lenc ies ,  the  k ine t ic  snergy of thl: ga; 
!ea7rin,l;: t h e  com;)resaor o r  turbine ! s  not charged against  thv rxsg5,c- 
t i v e  mi t as an energy l o s s .  . 
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T>e sp.bola  used solely i n  t h s  der ivat ions of performance eqda- I 

ttons a r e  l i s t a d  i n  a p p n 0 i x  A. The s ig i i f i cance  of the  symbols 
spyearing i n  the char t s  and i n  the  subaequent l i scuss ion  are as 
-follows : 

k 

a,  b, c 

F 

f 

h 

J 

M 

*C 

PO 

T O  

T1 

T2 

T4 

VO 

r a t i o  of conpossor  p r e s s w e  r a t i o  &/pl t o  refersnze 
y reaswe  r a t i o  (pZ/pl)ref 

factoys t h a t  measure e f f e c t s  produced by secondsry 
var iab les  

va loc i ty  coe f f i c i en t  of discharge nozz le  

spec i f i c  heat  of a i r  a t  constant pressure a t  To = 519' R, 

ne t  j e t  th rus t ,  ( l b )  I 

f u e l - a i r  r a t i o  

7 . 7 3  (Etu) / (s lug)(QF) 

lower heating value of f u s l ,  (Btu/lb) 

mechanical equivalent of heat,  778  (f t- lb/Btu) 

mass ra te  of air  flow, (s lug/sec)  

ccmpresaor-shaft horsepower iilput 

a tncspheric  f r e e - a i r  s t a t i c  pressure,  ( lb/sq f t  absolute)  

t o t a l  priessure a t  coxqrsssor  i n l e t ,  ( lb / sq  f t  absolute)  

t o t a l  pressure a t  compressor ou t l e t ,  ( lb/sq f t absolutz)  

drop i n  t o t a l  pressure across  in le t  duct, ( lb / sq  f t )  

over-al l  drop i n  t o t a l  pressure across  coxbustion 
chaxher due t o  mechariical obstruct ion of the burners 
and momnttun increase of gases during c o n h s t i o n ,  
( W s q  f t )  , 

atmospheric temperature, (9) 

conpressor-inlet  tc ta l  temperature, (OR) 

compressor-outlet t o t a l  temperature, ( O R )  

combustiox-chamber -outlet t o t a l  temperature, ( 9) 

a i rp lane  veloci ty ,  ( f t / s e c )  - 



. 
5 

gas veloc'ty at  turbine discharge, ( f t / s e c )  

;et velcci ty ,  ( f t / s e c  j 

increase fn  ,let vel~ci . t j r  due t o  e f f e c t  of turbine-loss 

IS 

v ; 
Liv 4 

reheat,  (? t /sec)  J 

I?, - 

Y 

tie? dit flaw of f u e  i, ( lb /hr )  

ra+uio of i-aT tem;?erature rise t c  f r e e - a i r  at.mspher;c 
temmrature,  v " 2  J cFa T, 

r3 

Z r a t i c  ~f C C Y ~ ~ ~ ~ S E O ~  power per  unit mags r a t e  r3f air 
f l c w  t ;  enthsip; of a i r  at ter;oerati;rt: 
550 PJJ J!,a M T  

T,, 
' ,I 

ra t ic  ;If rpeclfic Leats ai' air 
y a  

E 

N 

\ 



U s e f d  equations. - 13s net  tmist of the turboje t ,  .-- 
;.:hen t h e  cffL!ct of tho f u e l  weigk.t I s  negl.ected, it3 givon 57 t l l v  
~1 quat ion 

F = M (Vj - Yo) 

F = El (VJ - V0) t f M VJ 

(L!) 

Wk:? thc  cffect  of f u e l  vt ;@t i s  includod, the t h r u s t  is Zivcn b; 

(13 

The nct thribist home20wt2r thp  l a  given b y  

thg  = F VJ550 (2) 

Pc/M = J c pa T,.. .I Z/55U 
( 3 )  

Thc f v t l  consxipt4Lcn per un;t mss rats of a i r  f h w  is g ivm 
in tL.1'39 G f  t h e  fu61-air r e t i o  by tht; fo l lowicg  r e l a t i o n  

W /M = 1.15.929 f (5)  f 

BS rdeans of' equations ( ? )  t o  (5) and the curves of f!gures 2 t c ~  7 
t2.o ;icrr"onance of tht; turbojet t jr is~a~ and 3c?xe a s s i c l a t s d  quantLb 
of i n t e r e s t  can be readi ly  determined. 
f o n  whict shows t h e  e f f e c t s  of the i q o r t a n t  variables and enable3 
~3 Ither Trery accurate ~ u r q u t ~ a t i o n s  or r ap id  b.jt :ess accurate co.ri-u- 
t a t  ions t o  Le Liade. 

The curves a r e  given in a 

Curves T c r  qbtainilig the flight Mach nmber :  Lhe s-alues cf Y. 
a:d thp c o q r e s s o r -  --* I_ Lnlet total Tressure f o r  1a.r i GUS values of t?-e 
f a c t c r  V *"519/T0 a re  sl:cw:i i n  f i m r e  2 .  The compress9r--inlet 
t o t a l  terlgerature 1s obtained f rm the value cf G \I Y aLid equatl3n ( 4 ) .  
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The eI'fect of the v a r i a t i o n  i n  the  spec i f ic  hea t  of a i r  during com- 
pression is neglected i n  t h i s  p l o t ,  the e r r o r  introduced being l e s s  
than  1 percent f o r  the range of coLipmssor pressure r a t i o s  shown in  
figure 3 and f o r  compresaor in le t  tenperatures up t o  550' R .  

The Talue of (PZ/Pl)ref p lo t ted  aeainst t h e  f a c t o r  
2 

'Ic?tCF (&) is also given i n  f igure  3. The a c t u a l  compressor 
0 

pressure r a t i o  p2/p1 divided by the  quant i ty  (p2/pl)ref def ines  
t h e  value of the f a c t o r  A irsed i n  f i g u r e  4(a). 
( p ~ / p l ) ~ ~ f  
r a t i o  f o r  maxlaum t h r u s t  per u n i t  mass rate of air flow f o r  any 

This quant i ty  
i s  usefu l  i n  t h a t  it i s  equal t o  the compressor pressure 

rn. i \ 2  
14 I given value of r l c ~  t: - ( --- , if the  rate of change of the 
Tn 1 + Y! 

f a c t o r  E with respec t  So'a change i n  pressure r a t i o  i s  negl igible .  
The f a c t o r  c i s  one which accounts f o r  the e f f e c t s  of pressure 
l o s s e s  i n  the i n l e t  duct t o  the system,pressure drop i n  the com- 
bust ion chamber, and the deviation from the value of the s p e c i f i c  
heat  of air  a t  519' R of the s p e c i f i c  hea ts  of t h e  gases during the 
expansion through the tu.rb:',ne and the nozzle. In a w e l l  designed 
system the  value of E 
and does not vary appreciably with 

i s  close t o  or  s l i g h t l y  greater Klan W t y  
p2/plC 

When the change i n  E: with pz/pl i s  appreciable, then 
( ~ ~ / p l ) r e f  
mum t h r u s t  per u n i t  mass r a t e  of a i r  flow; however, even in  t h i o  
case the  t h r u s t  per u n i t  mss r a t e  of a i r  flow correspondiEg t o  
(pZ/Pl)ref 
f i g u r e  3 permits a rapid approximation of the pressure ra t ia  f o r  
maximum t h r u s t  per unit mass rate of a i r  flow, 

i s  less than the conpressor pressure r a t i o  giving mexi- 

i s  generally within 1 percent of' the  t r u e  maximum. Rence 

The main performance c h a r t  f o r  determining the j e t  veloci ty  is  
shown i n  figure 4 ( a ) ,  

t h e  je t -ve loc i ty  f a c t o r  V IK.$iF - - can be determined a3 a func- 

t i o n  of qc?ts  - and the paremeter A or $/A f o r  zero f l i g h t  

speed, (When A i s  l e s s  than unity,  t h e  value of 1 / A  i a  used i n  
reading values from f i g ,  4(a),13 The je t -ve loc i ty  f a c t o r  can be obtained 
from a i rp lane  v e l  
t h e  graph t o  the  desired velocity curve on the right-hand set  of curves 
and then reading the value on the lower abscissa ,  
then be computed from t h e  value of Vj and equation ( la ) ,  As provi- 
ously mentioiled, the value of A is  found by dividing the cornpressor 

From the left-hand. set  of curves of f i g u r e  4 ( a ) ,  

q 2 ', cv T4 
TO 

i t i e s  other than zero by moving horizontal ly  across  

The t h r u s t  can 



6. 

Fressure ratio q2/pl by ',he value of (yz/pl) obtained f r o m  
fi@u;.c 3 corrosponding t o  t h e  values of tho narametors Tc, q t ,  E ,  
T4, To, and Y being investigated.  

T4, aid To, if E r e m i n s  c o m t m t  as p ~ / ? ~  o r  A varies, t h e n  
t h e  iwziat ion of j e t  ve loc i ty  with pressure ra t  i o  occurs along 'che 

rcf 

It i s  noted i n  f i g u r e  4(a) t h a t  for given values of T ~ ,  q t ,  

T -4 cons-hant qcqt - line. I n  t h i s  case, Vj has a maximum valuc 
TO 

whcn A 
t o  (y2/pl)ref. Actually, ho?lrever, for a given unit as pz/j?l 

var ies ,  t h e  va?-ua of E changes SliE;htly and hence qC'lt E - 

is equal t o  unity, wliich occurs at a pressure r a t i o  equal 

T4 
TO 

chnngcs, w i t h  the r e s u l t  tliat Vj has a wximum valuo f o r  a valuc 
of n Z / ~ l  some~hiit greatel' t5an ( p ~ / / . 3 : ) ~ ~ ~ .  It shculd also bo 
noted t i iat  (p2 /PI- j i s  changed by eke chaage i n  E and this n:w 
value must be used i n  computing the  new val-uc of A when p ~ / p 1  is  
varied.  I n  any event, tile value of VJ corresponding t o  A = 1 is 
a close approximation t o  t h e  je t  vc loc i ty  f o r  maximm khrust per unit 
mss r a t e  02 air f l a w  M f o r  a given se t  of values of T4, TQ, slid 
compncnt e f f ic ienc ies .  

I 

, 

Tic losses i n  k imt ic  energy i n  t h c  turb inc  pascages ay>aar as 

Ii" there  i s  r u r t h e r  expansion of t h e  
heat ehergy i n  t h s  gas leaving t h e  turbine.  
t01~1cd "iurbinc-loss reheat ." 
gas i n  passing throLgh the jet nozzle (caused by a roduction in 
s t a t i c  ipcssure i n  passing from the turbine e x i t  t o  t h e  jet-nozzle 
cx i t ) ,  a conversion of par t  of t h e  tuybine-loss reheat  t o  k i n e t i c  
enci.gy occurs i n  the  jet. 
e x i t  is substant ia l ly  equel t o  t h e  final jet velocl.ty, no further 
expansion cccurs and no k inc t ic  encrg3- i s  recovered f ron  t h c  turbinc- 
loss rchcat .  
The r a t i o  of thc iiicrcasc i n  j c t  veloci ty  t o  t l x  rim?- j e t  veloci ty  
AVj/Vj  obtained when tho ve loc i ty  at the turbine dischargo Vg i s  
I.CSS than tllc final jet velocity i s  s~iown in  ~ t g u r c  4(b) .  

This energy vi11 h s  

If', however, t h e  v e l o c i t y  at- the  turbine 

The cl;rves or" P i p r e  4(a) cor;-espond t o  t h i s  cdsc. 

Figure 4(b) shows t h a t  AVs/VJ = 0 1lrhc.n C,V,/Trj = 1 f o r  a l l  

as turbine cff ic icncy approaches 1 f-or all v a l m s  of 
values of turbine officicncy. It is  also noted that ~ v J / v j  
approaches 0 
CvV5/Vj because t h e  turbine- loss  rehoat a-oproaches 0 wi t ; ?_  increase ' 

i n  turbine eff ic iency.  
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It i s  evident fron figure 4(b) t h a t ,  f o r  a given turb ine  cffi-. 
ciency, t he  smaller t he  r a t i o  of CvV5/Vj, 
recovery of tvrbins  -loss reheat .  
ve loc i ty  V5 
turbine buckets.  
on bucket height an& thus on bucket-mmulns are&. 

the  g r e a t e r  is  the  
Decrease i n  turb ine  -discharge 

i s  obt-ahed by increase i n  annulw area swept by the  
Bucket s t r e s s  i s  on6 of the  p r inc ipa l  l i m i t a t i o n s  

\ 

The compressor-outlet t o t a l  temperature TZ p lo t t ed  against 
the  f a c t o r  To (1 + Y + Z )  is  shown i n  f igure  5 .  This curve 
includes the va r i a t ion  i n  the spec i f i c  hea t  of t h e  a i r  during com- 
pression and w a s  comruted using reference 1. 

The f n e l - a i r  r a t i o  fnctor  V f f  is  p lo t t ed  i n  f igu re  6 aga ins t  

T'* - T2 
f c r  various values of Tq. These curves were constructed using 
da ta  on spec i f i c  heats of air and exhaiis3-gas mixtures given i n  
reference 2 and a re  f o r  a fuel. hexing e, lower h e a t i r e  value of 
18,SOO Btu per  pound and a hydrogen-carbon r a t i o  of 0.185. For- 
f u e l o  !laxing ot 'ne~ values of h, t h e  value of f given tn  fig- 
ure  6 i s  corrected accwafe ly  by multiplying it by the  f a c t o r  
18,9OO/h. 
on f 
r a t i o s  t'rom 0.16 t o  0.21 the  e r r o r  due t o  the devia'tion f r o n  the  
value of 0.185 i s  l e s s  than one-half of 1 percent .  
simption per upit mass r a t e  of air  f l o w  is  obtained from t h e  value 
of f and equation ( 5 ) .  

( the  r i s e  i n  total .  t enpera twe in  the combustion chamber) 

The e r f e c t  of the  hydrogen-carbon r a t i o  of  t he  f u e l  
i s  general ly  small and f o r  a range of hyd.ro6en-carbon 

The fuel  con- 

The value of E ,  which takes  care of the e f f e c t  of the  second- 
a ry  group of var iab les ,  is obtained from f igure  7 .  The quant i ty  E 
i s  given by the  r e l a t i o n  E = 1 - a - b + c ,  where a, b, and c 
are given i n  f igure  7 .  The e f f ec t  of t he  drop i n  t o t a l  pressure 
across  the  inlet  duct Apd is  shown in  f igu re  7 (  a ) .  The e f f e c t  of 
t he  over -a l l  drop i n  t o t &  pressure across  the combustion chamber 
A ~ ( 2 - 4 4  i e  introduced i n  f igure 7 ( b ) .  Reference 3,  which d isccsses  
combus ion  i n  a chamber or' constant flow area ,  is  useful i n  evalu- 
ating the moinentmn-pressure drop i n  t h e  c,ombustion chamber. A 
correc t ion  f o r  t he  difference between the  physical p roper t ies  o f % t h e  
hot  gases m d  t he  cold a i r ,  involved i n  the  cornputation of the 
expansion procenses through the t w b i n e  and the j e t  nozzle is given 
i n  f i g m e  7 ( c ) .  Although E does not  d i f f e r  appreciably from uni ty ,  
a charge i n  E 
several  percent i n  the t h rus t .  

of 1 percerlt in some cases'may introduce a change of 

In the  discussion o f  the cha r t s ,  t h e . c f f e c t  of t h e  weight of 
in;lected f u e l  w a s  not mentioned. It is  shown in  appendix C t h a t  
t h e  e f f e c t  of the  weight of fuel on the jet ve loc i ty  c m \ b e  taken 



I .  

-into aczount by usizlg f o r  t h e  velue o- i n  t h e  c h a r t s  t h e  prA:c t  
This term a p p e a ~ s  in 

f 7, 
of’ the  actucl  turbine efficiency and (1 t f )  I 

I 

i n  f i g u r e  3 used i n  f indlng ( 2  /F ) 
2 1 rei’ 

the f a c t o r  

m d  i n  the fac tors  q 7 E: T 4  - and Y j l / m $ 5 1 9 / T o  of‘ f i g -  
C t T- 

U 

lire 4 (  a). The value of V determined : s  then used i n  equation (lb’l 

which takes  i n t o  acccunt t h e  edditioncl weight of f u e l  intruducod. 
J 

A s  an ex~mp1.e of the  us= of these,f lgureejconsider  2 system . 
hzving the  following pexformmce and opere.t:ng p a r m e t e r s  : 

. . . . . . . . . . . . . . . .  
vC 2 .  Turbine eff icteiicy 9, . . . . . . . . . . . . . . . . .  
q* . . . . . . . . . . . . . . . .  

4 .  Discl’srge-nozzle vctoci.ty c m f f  i-cient Cv  . . . . . . . .  
S .  Airp!zno velocitS- Vc,, ( f t / s e c )  . . . . . . . . . . . .  
E;. Cumpresser to ta l -pressure  r a t i o  p2/pl . . . . . . . . .  
7 .  Atmaspheric frFe-eir s t a t i c  pressure iiC), ( i n .  Hg) . . .  
9 .  Atmosphcric tumparaturu To., ( O B )  . . . . . . . . . . .  

1. ComZsressor eff iciencj, 

3. Cumbustion cff iciency 

9. CornSuetion-chambdr-outl€t t o t n l  tenperriture T4, (‘R) . 
ir. Prop i n  t i - + A L  prcs8urti :LCXSS i n l e t  duct A P ~ ,  ( i n .  I&) . 
11. Drcp in t u t c t l  pressnrt; acr03n combustion chamber 

( i n .  Hg) . . . . . . . . . . . . . . . . . .  
1 2 .  h, (Btu/ lb)  . . . . . . . . . . . . . . . . . . . . . .  ”( 2-4)  

( % )  D; termination of Y and f lwt Mach number -- 
.I-__--_ --- _-- 

From i t o m s  5 m d  8 
I 

. 0.80 . 0 . 9 f.:! 

. 0.97 

. 0.96 . -7578 

. .  6 

. 29.9 

. 519 

. 196G 
, 0 . 5  

. .  3 

1.3. v ( f t / s c c )  . . . . . . . . . . . . . . . . . . . .  733 
0 

Frcm iten 13 and f i g u r s ,  2 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  14. Y 0.0661- 
0.656 15. F l i g h t  Mach number . . . . . . . . . . . . . . . . . . . .  

( b )  Determiintlon of Z and comllrcssor p w e r  - ---__- .- 

Using items 6 and 14,  read on figure 3 

16. 7,Z . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ‘3.726 
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From items 8, 14, mid 17 

From items 16 and 1 

17. Z . . . . . . . . . . . . . . . . . . . . . . . . . . .  .0.908 

Using items 17 and 8 in equation (3) the compressor power per unit 
mas8 rate of air f low is 

18. Pc/M, (hp)/(slug/sec) . . . . . . . . . . . . . . . . . .  5153 
( c )  Determination of fuel-air ratio and'fuel consumption 

. 

19. To (1 + Y + Z ) ,  (%) . . . . . . . . . . . . . . . . . .  lor55 

Using item 19 and figum 5 

20. T2, (%) . . . . . . . . . . . . . . . . . . . . . . . . .  1025 

WGD items 20 and 9 

21. T4 - T2, (OF) . . . . . . . . . . . . . . . . . . . . . . .  935 

From items '21 and 9 and figure 6 

22. q f f  . . . . . . . . . . . . . . . . . .  . . . . . . .  0.01372 
Using items 22 anla 3 

23. f . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.01414 

Since the lower heating value of the fuel is equal to 18,500 Btu ? e r I  

pound (item 12), item 23 has to be multiplied by the fmtor 
and. the adjusted value is 

18, sa0 
1 - 1 -  

13,500 
I 

24. f . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.01445 

From item 24 and equation (5) 

25. Wf/M, (lb/hr)/(slug/sec) . . . . . . . . . . . . . . . . .  1675 
(d) D-mination of the factor E 

From figure 2 and item 13 

26, -- . . . . . . . . . . . . . . . . . . . . . . .  .1.335 
Plf APd 

PO 

I 
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Fron items 26, 10 ,  and 7 

27. - .0.013 

vhiLe from items 7 and I1 

OPd . . . . . . . . . . . . . . . . . . . . . . . . . .  
P1 

0.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ap2 
P O  

28. --- 

and froi i t ems  1 4  and 1 6  

29. Y. + qcZ . . . . . . . . . . . . . . . . . . . . . . . . . .  0.812 

Using items 27 and 29 i n  f i g w e  7 ( a )  

30. a . . . . . . . . . . . . . . . . . . . . . . . . . . .  .0 .005 

using i t e m  25 and 29 i n  f igure  7(b) 

31.. b . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.004 

From i€erns 26, 10, 7 ,  and 6 

7.91 
p2 

. 70 
32. - . . . . . . . . . . . . . . . . . . . . . . . . . . .  
which when used with items 9 and 24 i n  f i g w e  7 ( c )  gives  

I 

33. c . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.034 

From items 30, 31, and 33 

. . . . . . . . . . . . . . . .  34; E = 1 0.005 - 0.004 + 0,034 1.025 

e 

Using items 1, 2, 34, 9, 8, and 14 
2 . . . . . . . . . . . . . . . . . . . . .  2.363 

From item 35 and f igure  3 

36 - (P2/P& . . . . . . . . . . . . . . . . . . . . . . . .  4.50 

Dividing i t e m  36 by item 6 

5 7 .  A . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.333 
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Using items 1, 2, 34, 9 .  and 8 

T4 38. q C T t E $ -  . . . . . . . . . . . . . . . . . . . . . . . .  2.787 
0 

Fro3  items 38, 37 ,  13, and figure 4 ( a )  the Jet-veloci ty  f a c t o r  i s  

and frcu i t e m s  39, 1, 2, 4, arid 8 

40. VJ, (ft,/eec) . . . . . . . . . . . . . . . . . . . . . . . .  2044 

The n e t  t h r u s t  per unit  mass r a t e  3f a i r  flow i s  obtained from 
items 40, 5, arii equation ( l a )  

41. F/M, ( lb) / ( s lug /s=c)  . . . . . . . . . . . . . . . .  .' . . .  1311 
The t h r u s t  horsepowsr per unit  mass rate of air  f l o w  i s  calculated 
from i t s m s  41, 5 ,  and e q u t i o n  ( 2 )  

42. thp/M, ( thp)/(s lug/sec)  . . . . . . . . . . . . . . . . .  1747 

From items 25 and 41 

43. Wf/F, ( l b / b r ) / ( l b  thrust)  . . . . . . . . . . . . . . .  
and from items 25 and 42 

1.278 

44- Vffthp, ( l b ) / ( t h p - h r )  . . . . . . . . . . . . . . . . .  D.9S9 
( g )  Effec t  of the weight of in jec ted  f u e l  and turbine- loss  

-I_----- 

rehea t  on je t  veloci ty  and th rus t  --.- 

Where more accurate r e s u l t s  a r e  desired,  the calculat ions me 
'made takicg i n t o  account the e f f e c t  of the weight of f u e l  introduced 
and the e f f e c t  of turbine-ioss reheat.  The e f f e c t  of the f u e l  on 
j e t  veloci ty  is  handled by using f o r  the value of 
of the turbirAe eff ic iency and 
the  case ju s t  considered. 

Tt the  product 
This w i l l  now be done f o r  (1 + f )  . 

From items 24 and 35 

45. r i , T t € T  T4( - 1 )" . . . . . . . . . . . . . . . . . . .  2,395 
1 + Y  0 

, 
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From f igure 3 the'c-w 

4 6 .  (Pz/P~),,, .  . . . . . . . . . . . . . . . . . . . . . . . .  4.61  

From items 6 and 46 

$ E .  r. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.33 
S i m i l a r 1 3  accounting for f u e l  flow, i t e m  38 b e c w a  

2.02'7 
T4 

48. 7 7 p q .  . . . . . . . .  . . . . . . . . . . . . . .  
I 

so t h a t  f m m  ',teas 47, 48,'and 13, and fi@ 4(a) 

Again tddnng Into acc0ur.t the  effect of f T J e l  by adjust ing t h e  

50. V.,(f t /sec)  . . . . . . . . . . . . . . . . . . . . . . .  2065 
- J  

which d-iffers from item 40 by 1 p e n a n t  

The e f fec t  .>I' reheat me;: be important #hen is  cnngideraSly 
l t a s  than unity and t h s  vcloct ty  at tdrbine discharge is apprac'aS1y 
l ~ s s  than tho find jet vo3.ocity. 
being diacussed t h a t  the t u r b k e  is designed to have a dischargk2 
volocl tp af 

51. v ( f t / sec)  . . . . . . . . . . . . . . . . . . . . . . .  7 0 0  
5' 

Then f r m  item 4, 50, and 51 

r) t 

Let it be asoumed in the ~XEULFL 

5 2 ,  C,V,/Vj . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 3 5  

i i - o m  items 8, 9, and 1 7  

. . . . . , . . . . . . . . . . . . . . . . . . . . . 4 . l G  5 3 .  - To Z 
T4 

From figure 4 ( t )  carresponding t c  items 2, 52, and 53 

51. AV /v . . . . . . . . . . . . . . . . . . . . . . . . .  0.012 
J :J 

e. 

axid f rom items 53 and 54 

55. AV ( f t / s e c )  : . . . . . . . . . . . . . . . . . . . . . .  2); 
J '  



NACA ARR NO. E6E14 15 

Using items 55 and 50 

56, Corrected VJ,  ( f t / s ec )  . . . ... . . . 2090 

Thus i n  t h i s  case,  rehea t  provides an addr t iona l  1 percent  increase 
i n  the  value of Vj. 

The t h r u s t  per unit miss 
5, and equation (lb) 

57 .  F/M, ( l b )  /( slugfsec)  

compared with 1311 where 
neglected. 

r a t e  of air  flow i s  cbtaiced from items 56, 

. c 0 .  . . . - 1 3  . e 1357 

the  e f f e c t s  of f u e l  and r ehea t  were 

From equation ( 2 )  and ltema 57 and 5 . 

58 

and 

59. 

and 

60. 

$ 

the 
The 

thp/M, ( thp)/(s lug/sec)  .' . . . . e . . . . . . . 1808 
using items 25 and 57 

Wf/F, ( lb/hr) / ( l .b)  . 1 . c c e . . m e 1.234 

items 25 and 58 give 

Wf/thp, ( lb/ thp-hr)  . . . . . . . . . . . . . . . . 0.926 

(h)  Optimum th rus t  per u n i t  mass f low of a i r  

The value of V corresponding t o  (p  /p is very c lose  t o  

---. - 

J 2 1 ref 
value of V 
compressor pressure r a t i o  pz/pl for maximum F/M i s  s l i g h t l y  

giving maximum t .hrust pe r  unit  ma88 rate of air flow. J 

g r e a t e r  than ( ~ Z / ~ l ) r e f  decause . of the  increase i n  E with presswa 

r a t i o .  The VdQe of t h e  maximum F/M and the  corresgonding value of 
p2/p1 can be obtained by computing VJ for a range of values of 

PZ/Pl i n  the v i c i n i t y  of and g rea t e r  Ynan (pZ/PlIref by the  method 

previously i l l u s t r a t e d  for a compressor pressure r a t i o  of 6 .  
p l o t  of V 

F/M) and the  corresponding value of p2/p1 can be read.  This 

computation f o r  t h e  previously i l l u s t r a t e d  case was made and the  
r e s u l t s  a re  presented i n  thg folloving t a b l e .  

From a 
against p2/p1 the maximum value of VJ (and hence 

J 

The e f f e c t  of t he  weight of f u e l  and, t h e  turb ine- loss  reheat  w m  
neglected i n  ca lcu la t ing  t h e  values given in  the' t a b l e .  Sinpe 
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I 
4 . 5  .. 1 . 0 1 7  2.765 4.44 

5.0 1.020 2 .773  4.46 
5 . 2  1 . 0 2 1  2 .776  4 .47  

6 .0  1.0251 2.767 1 4.50 

. 4.8 1.019 2 .771  4 .46  

5.6 1.023 2.7821 4.49 

item 36 gave a value f o r  (p2/pl)ref of 4.5, the  range of compressor 

presLure ratios chosen s t a r t e d  a t  t h i s  value.  In t h e  ca lcu la t ion  of 
E the  values of Apd and Ap(2-4) were assumed t o  remain constant 

a t  the  valnes given i n  item% 10 and 11 , as p2/p1 var ied .  

I 1820 1.383 1.0141 20491 1316 

1.120 20.521 1319 1 7 7 0  1.342 
1.1631 2C511 1318 1 7 5 1  1.329 

1.3331 20441 1311 ! 1 6 7 5  i 1.278 

1 1 

1.076 I 2051 1318 1 7  90 1 . s o  

1.247 I 2(34!31 1316 1 7 1 5  1.302 

-_- --I__I -- - 

c 
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JET-PROPULSION-UNIT PERF aRMANCE 

For illustration of the performance and some of the char- 
acteristics of the turbojet system, several caaes of interest will 
be discussed. 

The following parameters are assume&: 

Compressor efficiency qc . . . . . . . . . . . . . . . . .  0.85 
Turbine efficiency qt . . . . . . . . . . . . . . . . . .  0.90 
Discharge-nozzle velwity coefficient Cv . . . . . . . . . .  0.97 
Combustion efficiency qf . . . . . . . . . . . . . . . . .  0.96 . Heating value of fuel h, (Btu/lb) . . . . . . . . . . . .  18,900 
E . . . . . . . . . .*. . . , ' . . . . . . . . . . . . .  1.00 

These cpmpressor and turbine efficiencies are not unreasonably 
high when it is considered that in the definition of efficiency in 
this report the compregsor and the turbine are credited with the 
kinetic energy of the gases at the compressor and turbine exits, 
respectively. 

The .compute$ turbo&& performance in this illustrative caae 

The vaiues of component efficiencies and c fop  any given 

. -  

includes the ntribution of the fuel weight. 

turbo jet engine vary with' altitude and flight speed. In the present 
computations, 'the component efficiencies and E were assume& con- 
stant at the values libted; hence, the illustrative curves represent 
the performance of a series of turbojet engines having the lieted 
characteristics. One curve is also given for a caae in which the 
variation of with compressor pressure ratio i s  considered.. 

When Vo = 0, To = 519O R, figure 8 shows the rate of fuel con- 
supption per uni% thrust and the static thrust per unit mass rate 
of air flow plotted against the compressor pressure ratio for various 
values of the gas total temperature at the combustion-chamber exit. 
It is noted that minimum specific fuel consumption occurs at a higher 
compressor pressure ratio than maximum thrust per untt mass rate of 
air flow. A curve for T* = 19600 R where the variation in € with 
pz/pl For this curvb, 
values of APa/P, =-0.04 and = 0.10 were chosen and 
assumed t o  remain consknt I 

will alao vary with p~/pl 
variation in € with compressor pressure ratio becomes quite com- 
plex.) 
ratio for a maximum value of F/M is greater for the case where c 
varies with pressure ratio than for the case where 
stant; and that the peak value of 
higher than that for the second case. 

is considered is also shown in figure 8. 

(For a given unit, however, AP(z-4) 
so that the determination of the actual 

It is seen from figure 8 that the value of compressor pressure 

E is assumed con- 
F/M for the first case is alightly 
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Figure 9(a) is a replot of figure 8 and shows compressor pres- 
sure ratio and fuel consumption per unit thrust plotted against 
thrust per unit mass rate of air flow. Similar curves are presented 
in figures 9(b) and 9(c) for other combinations of atomospheric tem- 
perature and airplane velocity. A scale of specific fuel consump- 
tion in pounds p m  thrust horsepower-hour is added on figures 9(b) 
and 9(c). 

The amount of air handled by a unit is limited by the diameter 
of the unit, When high thrust per unit mas rate of air flow rather 
than low specific fuel consum@tion is the primary consideration, it 
is apprent from figure '9 %hat high combustion-chamber discharge 
temperatures should be used. 
sideration in take-off, climb, and Ipaximum-speed operation. 

' 

High thrust is the more importent con- 

The curves of figure 9 shgw that, with no limitatim on com- 
pressor pressure ratio. higher thrust per unit mass rate of air flow 
and lower specific fuel consumptian can be obtained by increasing 
the ccmbustion-chamber-outlet temperature until the value giving 
minimum specific fuel consumption is reached. For figures 9(a), 
9(b), and 9(c), this temperature is leea than 1460' R, about 2210' R, 
and 1710O R, respectively. Further increase in temperature permits 
an increase in thrwst at the cost of increase in specific fuel con- 
sumption, 
is increased, a large increase in compressor pressure ratio is 
required to maintain nearly minimum specific fuel consumption. 

A s  the gas temperature at the combustion-chamber outlet 

If the available coppressor pressure ratio is limited, the 
combustion-chamber-outlet temperature f o r  minimua specific fuel con- 
sumption is very sensitive to the other operating conditions. 
example, at a limiting compressor pressure ratio of 4, minimum spe- 
cific fuel consumption occurs at a temperature below the lowest 
values shown in figure 9. 
is 8, the combustion-chamber discharge temperature for minimum spe- 
cific fuel consumption is still less than the lowest temperature 
shown in figure 9(c) for an-atmospheric temperature of 4120 R but 
approaches an intermediate value of approximately 1710° R for an 
atmospheric temperature of 5190 R (fig. 9(b)). .  
combustion-gas temFerature is also very sensitive to the efficiencies 
of the components of the jet-propulsion units. 

For 

If the limiting cornpressor pressure ratio 

The optimum 

In figure lO(a],the specific fuel consumption and the thrust 
per unit mss rate of air flow are plotted against airplane velocity 
for the conditions listed in tb figure for the following cases: 

(a) Compressor pressure ratio chosen to give values of A = 1 

(b) Compressor pressure ratio chosen to give minimum specific 
fuel consumption 
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It is noted that the specific fuel consumption for case (a) is 
between 15 ana 23 percent hl@er than for. caee (b) for airplane 
velocities between 300 and t3OU feet per sacond; the percentage d l r -  
ference in specific fuel consqmption is greater at the lower air- 
plane velocities and at the lower atmospheric temperatures. 

The thrust per unit maas,rate of air flow is between 21 and 
31 percent higher for caae (a) than for case (b) for airplane veloc- 
ities between 300 and 800 feet per second; the greater percentage 
difference in thrust per unit nias8 rate of air flow occurs at the 
lover airplane velocities and the lower atmospheric temperature a 

Figure 10(b) shows the compressor pressure ratios and the 
values of A 
in figure lO(s). 
the condition of 
consumption is noted. 

that are associated with the performance values given 
The large increase in required pressure ratio from 
A = 1 to the condition of minllcmum specific fuel 

CONCLUSIONS 

The following conclusions are based oc an analysis of a turbo.jet 
system: 

1, iNaximum thrust per unit ma88 rate of 'air flow occurs at a 
lower compressor pressure ratio than minimum specific fuel con- 
sumption. 

2. Increase in combuetlon-chamber discharge temperature cause8 
an increase in thrust, An optimum temperature, however, exists at 
which minimun specific fuel consumption is obtained. This tempera- 
ture for minlmum specific fuel consumption is at 80me conditfons 
less than the temperature limit imposed by the strength-temperature 
characteristics of the materials of present turbojet units. 

Aircraft Engine Research Laboratory, 

Cleveland, Ohio. 
Natiorial Advisory Committee for Aeronautics, 

' 
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ADDITIONAL SYMBOLS USED IPU’THE DERIVATIONS OF PERFO3MANCE EQUATIONS 

Symbols used  i n  the  derivations- of performance equations, i n  
addi t ion t o  those given in  the repor t ,  a r e :  

Ya-1 - Ya-1 
I_ 

’a A ’  fac tor  defined as equal t o  o r  A 

average s p e c i f i c  heat a t  constant presstre of the exhaust 
geses during t h e  exyansion process. This term, when used 
wich tha temperature change accompanying the expaneion, 
g’,~res the  change i n  enthalpy per un i t  mass. 

P C 

( a t U ) / ( s m d ( O F )  

CP 

Pa2 c 

average s p e c i f i c  heat a t  constant pressure of the  gases 
during the com5ustion process. 
the temperature change during combustion, i s  used t o  de te r -  
mine the f u e l  consumption. 

This term, when u s e d  w i t h  

( B t u ) / (  s lug>(°F) 

specif ic  heat of a i r  a t  constant pressure a t  compressor- 
outl-et t o t a l  temperature. It i s  equal t o  the enthalpy yer 
lui i t  DESEI (zero entha!.py a r b i t r a r i l y  f‘ixed a t  absclute  zero 
temperature) divided by the t o t a l  temFerature. 
(Btu)/(slug)(OF) 

K ,  K ‘  rax ios o f  f?;nctions expressed i n  terms of phyoical propertiks 
3f exhadst gas t o  same functions expressed i n  terms of 
pn,?Tdicel propert ies  of cold a i r .  
d s e c r i L e d  i n  appendix C .  

These funct ions a r e  

p4 t o t a l  pressure a t  turbine i n l e t ,  ( lb / sq  f t  absolute)  

?5 s s t a t i c  pressure a t  turbine discharge, (lb/sq f t  absolute)  

P t  

R 

R a  

turbine -shaf t horsepower output 

gas constant of exhaust gas, ( f t - l .b ) / (  slug)(OF> 

gas constant of a i r ,  ( f t - l b ) / ( s l u g ) ( ° F >  

gas temperature a t  turbine discharge, ( O R )  T5s 



NACA ARR No. E6E1.4 21 

reheat due to net  turblne los s ,  (OF) 

work obtainable Trom isentropic expansion of exhaust gas, 

AT5 s 

( f t -1b ) /( slug ) 'th 

Y ratio of specific heats of exhaust gas 

dens:ty of atmoEpheric air, (slug/cu ft) 

The subscript i refers to the hypothetical case of no burning, no 
turbine in system, compressor-shaft power input vcPc, compressor 
efficiency 100 percent, and no losses in system beyond compressor. 
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APPENDIX B 

E&TA!IIIOI'iS FOR !TEE PEWOFWUEE F I W I S  

The equation nimbers correspond to thoeo in the derivation givc-:n 
in apper,dix C. 

Figure 2 :  
n 

1 

, 

Figure 3 :  

Figuro 4(a): 

( C 6 7 )  

(CER! 



' NACA ARR No. Em14 

FSgure 4 ( b ) :  

Figure 5 :  

C 

y c  T., = -*- pa To ( 3  + Y + z: 
Pa2 

I 

- 
where cI! i e  deteminrd. f rm  unput,li,died data 

Figure ;?(a): 

R - - - 1  
'a 

23 

(C62 > 

(CE9) 

(C27) 

( c 4 3 )  

( c 4 5 )  

I 
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APPENDIX c 

NACA ARR N o .  E6E14 

. 

DERIVATION OF' EWATIONS FOR JET VELOCITY, THRUST, TBRUST 

HORSEZWKER -, FVEZ COEGmIPTION, SZ"IC FUZL 

CONSUMPTION, AND MLSCELLAI'mUS m s l O h T S  

Fron t h e  mmentwn equation the net j e t  t h rus t ,  when tho d f e c t  
of -ths mase of file1 i s  neglacted, I s  

F = M (Vi - Vo) ( C h i )  

and when the mass of fuel i s  included 

F = zi (v 
,t 

- VJ + f M VJ 

The t h r u s t  hoi-sepowcr develo:Jed by thij Jti; is  

thD = F VJ550 

(Cl 'b)  

( C 3 j  

J e t  Vblocj.ty rtnd Thr~st; - 
Consiaer thcj h y p t h e t j c a l  ~ e s a  ~2 a u n l t  rurutng Witti O. CO?~I- 

p e s s o r  cff is loncg of LOO percent but with 8 comprossw-shaft pcwor 
input oqual t o  '1 ? 
officicricy by ' thc actus1 sh@t  power i n 9 u t ) .  
iil t he  system and no burning ( t h a t  is, the  compressor is masidere2 
t c  be driven by an engine). 
ass-ming no loaaes a f t e r  tlie compressor bqt accounting f o r ,  the  losses  
i n  the lntake system leading t o  the compressor, is 

( t h a t  i s ,  the product of tho actLlal c$:mpressC'r 
Also asmrna nr, txrbine 

c c  

The avai lable  j e t  k ine t i c  e n e r a ,  

APd 
M 3. 1 - M Vji2. = 5 M Vo2 t 550 gcPd - -- 

2 Po 

The fol lawini ;  a?proximation is  accurate for a wide range of 
T 2 j  P ~ / P O *  

f 
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I 

From the  ccnservation of energy, 

By def ini tpion 

- 

V02 + -- 559 rlcpc 
T i i  -- T, = 

pa2 -- 
C Pa M J c-pa 2 J Cpa 

then 

and 

Y = V:/2 J cpa To 

= 550 Tc/J cpa M To 

ri OW 

and eqxation (CS) becomes 

25 

YiSe cornprgsmr enera- trmaferreci to t h e  gas ix this hypothet- 
i c a l  case is equal t o  the useful energy t ransfer red  t o  the  gas i n  
the  ac tua l  case where the ehaft power input is 
eff ic iency is 7,. Thus, the cmpressor-discharge pressure p2 ie 
t h e  sane i n  both cases. 
hypothetical  case TZi d i f f e r s  from thc t r u e  campressor-discharge 
temperature. When Vji and T2. are  eliminatsd f rom equations (C4),  

(CC) ,  and (Cll), tho following r c l a t i o n  is  obta-ined: 

Pc and the compressor 

The ccnpressoY-dischwgs temgerature for Lhs 
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which i s  used l a t e r  t o  evaluate the  compreseor o u t l e t  pressure 
BY del" i n i t  i m  22. 

Now consider the  ac tua l  aystsm with burning taking place and 
turbine power b<lng removed t o  dr ive  the cornpeasor. The j e t  
ve loc i tq  (when the e f f ec t  of' reheat due tc; the turbine lo s s ,  w h i c h  
O C C U ~ ~  i n  the fu r the r  expansion of the  gaRev fi-cm turbine-discharge 
s t a t i c  pressure t o  atmos3heric pressure,  i s  neglected) is given by 

I 

For  s h p l i f i c a t i c n ,  the  e f f e c t  of t he  wejght of the  f u e l  in jec ted  
, wiJ.1 be neglected by dropping the term f i n  equation (C14). The 

e f f ec t  of the presence of the  f u e l  on the  J e t  ve loc i ty  can be 
taken in to  account i n  the subsequent equations and cna r t s  fc,r 
by using, f o r  the  value of the  product of the turbine effi- 
c iency and 1 + f ,  as the  quant l t ies  T) and f appear cnly as 
t h e  product T ) ~  (1 + f ) i n  equation (214) . Now 

Vj 

T ) ~ ,  
t 

r L_ 7-1 y-ll 

When the last  term of equation (C15) is expanded i n t o  a series, 
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When equations (ClS), (C15), and (C17)  are subs t i t u t ed  in to  
equation (C14), 

L e t  

and 

IC P 
??a 

C 

C 
-- 

, 
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Equat ion  ( C Z Z )  .OM be Written 

Wnsn eq imt im ((324) is substituted in equ.a%ion (C13) 

and e q u a t i m  ( C 6 )  i s  uoed In e q u a t i m  (C25) 

\ca" ,./ 
Fuel C msiampticn 

F r m  the  conservation of energy 
h 

C p a Z  TZ 

SG t h a t  

T2 = 

Pree sure 

V o L  550 Pc 
M J . To t -- t = CFa 25 

" D s .  c To'(l + Y + z) 
pa2 

Rat io  f o r  Optjmm Thrust 

For a given v,, T,, T4.l ?,, a7t, and C,, neglecting t h e  

Ghcnge i n  E due t o  a change i n  ;rl Z, %he maximmj thrust per  u Q i t  
mzss rate nf alr f l o w  with respect -to compressor power input ( o r  
pi-essurc r a t i o )  i s  $obtained when 

C 
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(C3.1.) 

Deflne A' 2,y the r e l a t i o n  

1 + Y + T C Z  
(C32)  

- 

\ 

I--------- rn 
I 1 + Y + v c  Z = A '  qlc qt E L4 

0 

J e t  Velocity, T b u s t .  and Spsc i f ic  Fuel Consumption 

i n  Terms of the Factor A,' 

Equation (C24) can be wri t ten  

( c 3 3  j 

and 



{CY') 

Equation ( C 2 6 )  bocclmes i n  t e r n  of A' 

Evaluation 2 f  the Comection Factor  E 

From eqiiations ( C i 2 )  and ( C 6 )  
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>&en equation (C40) i s  used i n  equation (C23), -. 

'€ = 

m- 

( C d l )  

(c43)  

and 

Apd /YB-1" \ 
-.- I Mien equation (C40) i o  used i n  equation (C44) and t h e  --/ Po \ Ya 

term i n  the numerator i s  neglected because it i s  s m a l l  in compa-i-iacn 
with unity? 

When equattons (C43) and (C45) are subs t i tu ted  i n t o  eqimtion ( C 4 2 ) .  

c = K  (1 - a) - K' b 
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yhe t e rm K ma K' 'me close t o  unl ty  i n  value whei*eas t h e  
values of a and b--a,re am11 in cmphnison -!%it11 unity; thersfsxe,  
cmly a very small error is  introduced by lettiing 

E z I C - 2 - b  ( C W  

Defining the  quantity c as 

c = K - i  

then 

~ , = 1  - a - b  t c  

N CJW 

(C47) 

(C43) 

where tbe values of Wthp T4 =-e obtained from reference 5. Th2:ce 
values  ca-eapond t o  t h e  required temperature T4 and p res swe  
??at i o  p2/po. Theref ore, 

C o r r e c t i m  f o r  Re5ea-t Accommn;L.ing Irreversjbility i n  the TLirbIne 

The actual j e t  v e l o c i t y  inciading the  reheat i n  the turbine 1s 
given by the equation 

0 
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Wkcrr oquaeim ( C 5 1 )  i s  usd i n  equation ( C 5 2 ) ,  

(c53) 

TSs is the indepndent var l sb le ,  therefore  

( C 5 5 )  

C;T- is the amount c,f reheat mAd i.s equal  to SS 

vhorcas the  gaa tempra ture  at tht. turbine dlschargt: 

When c q u a t i m s  (C6) ,  ( C 7 ) ,  and (C17) art: ussd i n  eqiua- 
tioos ( C S ~ )  and ( C 5 7 ) ,  
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and, vhen sa,ustions ((358) and (C59)  are subs t i tu ted  i n t o  equa- 
t i o n  (cs), 

(C63)  

(C61) 

The VS2 Y/Vo2 Z term i n  the denaninator i s  amall ;n  comparlson 

with (T4/To Z )  (cg/cTa) - 1 and can be negiecteci, r e s u l t i n g  1.n 

Der rvation of M I  scellaneous Expressions 

I 
i 

I 

where the,compressor power i s  accurately given f o r  a wide range of 
compressor pressure r a t i o s  and compressor i n l e t  temperaturers by t h e  
r e l a t ion  
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(C65) 

(C66) 

(c67 j 

fa ---- 

and when equations ( C 6 5 )  ard ( C 6 )  a re  used i n  eqv-aticn (C65)  

)'a -- 3' 
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or: when eqcation ((26) 5s used in equation (C71), 

I (C?3) 

1. Keenan, Joseph H., and Kaye, Joseph: Thermodynamic Properties 02 
% \  

Air. John Wiley 6 Sons, Inc,, 1945. 

2. Turner, L. Richard, Lord, Albert M, : Thermodynamic Charts for the  
Combustion and Mixture Temperatures at Constant Pressure. 
KACA TN No. 1086, 1946. 

3. Eicks, Bruce L.: Addition of &at to a Conpressible Fluid in 
Motio?. NACA ACR No. E5A29, 1945. 

4. Pinkel, Benjamin, and Turner, L. Richard: Thermodynamic Data f o r  
the Computation of the Performance of Exhaust-Gas Turbines, 
AiiR No'. 4B25, 1944. 
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1. 

0 2 00 400  600 000 1000 1200 

v, +Q/T,, W s e c  

Figure 2.- Chart for determining Y, f l i g h t  Mach number, and compressor i n l e t  
t o t a l  pressure for various airplane v e l o c i t i e s  and atmospheric temperatures. 
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F i g u r e  3 .  - C h a r t  f o r  d e t e r m i n i n g  t h e  r e f e r e n c e  c o m p f e s s o f  

" 
t h e  c o m p r e s s o r  p r e s s u r e  r a t i o  f o r  v a r i o u s  v a l u e s  o f  Y a n d  
q c Z .  ( A  l g - - i n .  I b y  2 8 - i n .  p r i n t  o f  t h i s  c h a r t  i s  e n c l o s e d  

2 
w i t h  t h e  r e p o r t . )  



F i g .  4 a  N A C A  A R R  N O .  E 6 E 1 4  
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500 600 700 800 9tX iXX ll30 1200 1300 1400 1500 1600 1700 

To (1 + Y + Z), OR 
Figure 5. - Chart f o r  d e t o m i n i n ~  t 5 e  comihrts:Lr o u t l e t  tota l  temperature for v a ~ i m s  

values of the faotor To :I Y + Z: 

~~~ ~ 
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. 

F i g u r e  6 .  - C h a r t  f o r  d e t e r m i n i n g  t h e  f u e l - a i r  r a t i o  f o r  
v a r i o u s  v a l u e s  o f  r i s e  i n  t o t a l  t e m p e r a t u r e  a c r o s s  t h e  
c o m b u s t  i o n  c h a m b e r  a n d  combust  i o n  c h a m b e r  o u t  l e t  t o t a l  

t e m p e r a t u r e .  ( h  = 18,900 Btu/ I ~ J  ( A  2 1 - i n .  3 b y  3 1 I - i n .  
4 2 

p r i n t  o f  t h i s  c h a r t  i s  e n c l o s e d  w i t h  t h e  r e p o r t . )  

I 
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I 

b 

(a) Correction a. 

0 

p21po 
( c )  Correction C. 

Figure  7. - C h a r t  for determining the factor c .  ( c  = l-a-b+c). 
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Figure 8. -Fuel rate per unit thrust and thrust per unit mass rate of air flow for varicus 
canpressor pres e ratios and oomlurtion-oharfber discharge temperatures for 1 lustrative 
case. (Vo, 0 f i x e c ;  To, 5190 R; qc, 0.85; qt, 0.90; q p  0.96; h, 18.900 Btuhb; Cv, 0.97; c, 1.00.) 
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(a) Vo, 0 feet per second; Tor 519O R. 
Figure 9. -Compressor pressure ratio and fuel rate per unit thrust for various thrusts per Unit 

mss rate or air  flaw and combustion-chamber discharge temperatures for illustrative case. 
(rlcr 0.861 llt, 0.90; q p  0.966 hr 18,900 BtU/lbj Cv. 0.971 Fr 1-00.) 
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c 

d 

( c )  v,,, W3 feet per Secood) To. 4 1 8 O  8. 

Figure 9. - conch&& 
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i 

a 4 

5 

Airplanc velocity,  vo. ( f t / s e c )  

(a)  Specif ic  fuel consumption and thrust per unit a i r  flow at  various alrplsne 
v e l o c l t i e r .  

Figure 10.- Performance of Jet-propulslon unit  at condit ions for minimum s p e c i f i c  fuel  consumptlon 
and for pressure ratios g iv ing  A=I for i l l u s t r a t i v e  case. (T4, 1960° R: qC, 0.85;  qt. 0.90; 
rlf# 0.96; cv ,  0.97; h, 18,900 Btu/lbi E, 1.00.)  
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Airplane ve la l tp .  V,, ft/sec 

(b) Canpressor presbUJ’0 ratlos end A a t  various airplane veloclt les .  

Plgure 10.- carclubed. 


